Preprint typeset in JHEP style - HYPER VERSION 



UT-Komaba/03-19, hep-th/0312010 



Higher Dimensional Recombination of 
Intersecting D-branes 



Satoshi Nagaoka 

Institute of Physics, University of Tokyo 
Komaba, Tokyo 153-8902, Japan 



E-mail: nagaokaOhepl . c .u-tokyo .ac.jp 



Abstract: We study recombinations of D-brane systems intersecting at more than 
one angle using super Yang-Mills theory. We find the condensation of an off-diagonal 
tachyon mode relates to the recombination, as was clarified for branes at one angle in 
hep-th/0303204. For branes at two angles, after the tachyon mode between two D2- 
branes condensed, D2-brane charge is distributed in the bulk near the intersection 
point. We also find that, when two intersection angles are equal, the off-diagonal 
lowest mode is massless, and a new stable non-abelian configuration, which is super- 
symmetric up to a quadratic order in the fluctuations, is obtained by the deformation 
by this mode. 
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1. Introduction 

Low energy dynamics of D-brane is well known by the analysis using super Yang-Mills 
theories [Q] . One of the D-brane systems which can be studied in Yang-Mills theories 
is intersecting D-brane systems. Fluctuation spectra of intersecting D-branes on a 
torus are studied by using Yang-Mills action in ||. In intersecting brane systems, 
recombination is important in a context of string phenomenology. Standard Model 
Higgs mechanism is realized as a brane recombination ||. On the other hand, it plays 
an important role to realize an inflation in brane world scenario M. In Yang-Mills 
theories, the recombination is studied in |5|, |5|] for branes at one angle*. Fundamen- 
tal strings stretched between intersecting D-branes are also studied in Yang-Mills 
theories in |]10||. We extend the study of recombination of intersecting D-branes to 



the case with more than one intersection angle. This enables us to study more com- 
plicated intersecting brane systems, which may appear in the context of Standard 
Model realized by intersecting D-branes. To clarify the mechanism of recombination 
in higher dimensions is one of the aims of this paper. 

When we consider two intersection angles, we find a supersymmetric configu- 
ration where two intersection angles are equal. It is known that supersymmetric 



*It is also discussed in tachyon field theory |jj and Matrix theory Intersecting D-branes with 
a separation are discussed in . 
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intersecting branes are embedded into spacetime on a calibrated surface to minimize 
their worldvolume >. Calibration equations are realized as BPS conditions in abelian 



Dirac-Born-Infeld actions p2| . An embedding realized by the calibration geometry 
is called in [13] as an abelian embedding. The dynamics of multiple D-branes is de- 
scribed by non-abelian Born-Infeld(NBI) actions. In the non-abelian cases, there are 
other embeddings which cannot be realized by the calibration geometry, and further, 
which are constructed from the components including off-diagonal elements of the 
fields in the NBI actions. We call such embeddings as non-abelian embeddings. There 
are various kinds of the non-abelian embeddings and they include many interesting 
characters but it has not yet been considered except for a few cases [O . It is difficult 



to know the full NBI action because in the non-abelian cases, slowly varying field 



approximation is meaningless [[L4j] and we must consider derivative terms together 
with field strengths But there are some non-abelian embeddings which Yang-Mills 
analysis is valid for. We believe that the results of such Yang-Mills analysis can be 
lifted smoothly to full NBI analysis. 

In this paper, we study recombination of D2-branes intersecting at two angles. 
When two angles are not equal, the lowest mode of a Neveu-Schwarz sector is tachy- 
onic, and considering a condensation of this mode, we obtain deformed intersecting 
branes. For branes at one angle, the recombination occurs locally near the inter- 
section point and we can describe this phenomenon by a condensation of a tachyon 
mode which is localized at an intersection point ||. The final state in this decay 
process is a set of two parallel D2-branes. For branes at two angles, the final state 
after the recombination is expected as a brane configuration which preserves 1/4 of 



the supersymmetries ||17|| . The tachyon mode we consider here is localized at the 
intersection point even in this case, therefore, the condensation of the tachyon mode 
describes the first step of the recombination, plays a role of a trigger. After the 
tachyon mode has condensed, the branes can not be realized as a simple geometrical 
surface, because two transverse scalar fields can not be diagonalized by any gauge 
transformation simultaneously. We find D2-brane charge distributed in the bulk near 
the intersection point after the tachyon condensation. When two intersection angles 
are equal, we obtain a massless mode which appears in an off-diagonal spectrum in 
Yang-Mills theory. By considering a deformation by this massless mode, we obtain 
a configuration which is supersymmetric up to a quadratic order in the fluctuations. 
In this configuration, D2-brane charge is again distributed in the bulk near the in- 
tersection point. The massless deformation considered here does not seem to be 
expressed by any abelian calibration geometry^ and this is an interesting example of 
the non-abelian embeddings. 



^For a recent review, see p| . 

■fWe know up to and including F 6 terms of the NBI action now 

§ Calibration of supersymmetric intersecting D-branes in terms of world- volume field theory is 
discussed in fill. 
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In section 2, we discuss a recombination of D2-branes intersecting at two angles. 
When two intersection angles are equal, the brane configuration is supersymmetric 
and there is an off-diagonal massless mode which is discussed in section 3. The 
connections with higher orders in field strengths are discussed in section 4. Section 
5 is devoted to a conclusion and discussions. 



2. Recombination of D-branes intersecting at two angles 

Before performing Yang-Mills analysis, we see a mass spectrum of a fundamen- 
tal string stretched between two D-branes intersecting at multiple angles 8{(i = 
1, • ■ ■ , a), which is obtained in the worldsheet analysis as [|19|, |2T 

A 

3 2ixa' 



mi r^- 1 J2(2n i -l)9 i ±2e j , (2.1) 



where G N. 

2.1 Fluctuation modes 

We start with a worldvolume effective action for two D2-branes, which is obtained 
by the dimensional reduction of a (9+1) dimensional SU(2) Yang-Mills action, 



S = — T Tr / d 2 xdt 



{D a Yr + \Fl b - l -\Y\Y 3 f 



[2.2) 



The indices a, b = 0, 1, 2 denote directions along the worldvolume, and i,j — 3, ■ • • , 9 
denote directions of transverse collective coordinates. F ab and D a Y l are defined by 

F ab = d a A b - d b A a -i[A a , A b ] , 

D a Y l = d a Y % -i{A a ,Y l \ , (2.3) 

where A a 's are worldvolume gauge fields and Y l, s are transverse scalar fields. Let 
us consider an intersecting D2-brane system. It is sufficient for us to consider the 
situation that the two D2-branes are embedded in 4 dimensions and do not extend 
in other dimensions. We take coordinates of the embedding space as 1,2,8 and 9 
and others as 3, ■ • • , 7. We describe intersection angles as Q\ in xi-Y 9 plane and 62 
in X2-Y 8 plane here. We consider a classical solution representing the intersecting 
D-branes 

Y 9 = q lXl a 3 , Y 8 = q 2 x 2 a 3 , A a = , (2.4) 

where q a (a = 1,2) is related to the intersection angle 9 a as 8 a = 2 tan~ 1 (27ro; / g a ) 
and we assume q a > here. 

^Sce also [Ell. 
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Let us consider off-diagonal parts of fluctuations around the solution 

Y 9 = q lXl (T 3 + hixaja 1 - fi(x a )a 2 , Y 8 = q 2 x 2 a 3 + f 2 (x a )a 1 - f 2 {x a )a 2 , 

M = gi(x a )a l - g^x^a 2 , A 2 = g 2 (x a )a l - g 2 (x a )a 2 . (2.5) 

We adopt a gauge condition A = 0. Diagonal parts of the fluctuations are decoupled 
from the off-diagonal fluctuations at the quadratic order, therefore we neglect the 
former ones. 

The Lagrangian quadratic in the fluctuations is calculated as 



L = Yl ( ~ ( d ofif - ^Qifidi + (difj + IgiqjXj) 2 - (d gi) 2 + - %i) 2 

+ ^{QiXifj - qjXjfi) 2 + (f a -»• /, fiO) • (2.6) 



i,J=l,2 



The combinations (f a ,ga) an d {f a ,ga) are decoupled each other at this order, there- 
fore we neglect the (f a ,g a ) pair. From now on, we denote g as g for simplicity. The 
equations of motion for the fluctuations are written as 



O n 12 \ V, 
21 22 J [ V 2 



, (2.7) 



where 



. d 2 - d 2 - d\ + Aq 2 x 2 2 -4gi - 2giXi9i 
IJ " 1 -2 9l + 291X19! 4< ?1 2 z 2 + 4^! + d 2 - d\ 



Ol2 = 2 1 = 



-49i9 2 xix 2 -Iq^di 
2q 2 x 2 di did 2 



9q ~df -d 2 + Aq\x\ -4q 2 - 2q 2 x 2 d : 



2 

-2g 2 + 2g 2 a:2<92 4g 2 x 2 + 4g 2 a; 2 . + <9 2 - d 2 



°22 - ( n _ , n _ _ Q . 2 2 . 2 2 o 2 o2 ) ' ( 2 - 8 ) 



and 
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Expanding the fluctuations by the mass eigenf unctions as 

^ \gin{Xl,X 2 )J ^ \g2n{x U X 2 )J 

(2.10) 



where Ci n {i = 1, 2)'s satisfy the following equations 

(d 2 +ml)C m (t) = 0, (2.11) 
we obtain the differential equations written as 



Oil 12 \ V[ n \ _ m\ n V{ n 



O21 0' 22 J \V' n \ml n Vi n 



(2.12) 



where 



, , -d\ -dl + Aq 2 2 x 2 2 -4gi - 2q l x l d 1 

1 1 ~ 1 -2q x + 2q l x l d 1 Aqjxj + ^q\x\ - d\ 

,y I ~ d l ~d 2 + ±q\x\ -4g 2 - 2q 2 x 2 d 2 \ „ 

22 1 -2g 2 + 2g 2 a; 2 a 2 4 9l 2 z? + 4g|x| - S? J ' 



/in \ T "r/ / f2n 



and 



C = I" , ^'n = • (2-14) 

V Pin / V 92n J 

By solving these differential equations, the eigenfunctions localized at the intersection 
point are obtained as 



9io(xi,x 2 ,t) J \1 
V^= ( l^ X ^l) = e -^-^C 20 (t) (]). (2.15) 

\g20{Xl,X 2 ,t) J Vl/ 



The mass eigenvalues are obtained as 



m 



2 

10 



1 



m 



20 



2(92 ^7(^-^1) , 
2{ qi -q 2 )^^- r {e x -e 2 ) . (2.16) 



There are massive and tachyonic modes, which coincide with the mass seen in the 
lowest mode of ( |2.1| ) in the small q region. Thus, we have obtained the correct lowest 
mode of the string mass spectrum in [T^ . 
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A brane system with a tachyon mode in open string theory is unstable and it rolls 
down to the stable vacuum by the condensation of the tachyon mode" [p2 |. When we 



consider the condensation of the tachyon mode ( |2.15| ), we obtain the configuration 
written as 

) ,QiX\ /io \ y8 f q 2 x 2 



fw -qixi J V -Q2X 2 

Ai=( ° A 2 = 0, (2.17) 

where we consider a case q% > q 2 . We cannot simultaneously diagonalize Y 8 and 
y 9 by any gauge transformation, therefore, we do not find the simple recombination 
effect in the geometrical picture as was studied in ||. We will discuss more about 
this point in the next subsection. 

Next, we search for the excited mode. We assume the form of the eigenfunc- 

2 2 

tions of the fluctuations as the product of exponential function written as e~ QlXl ~ q2X2 
and linear function of x a . There are the following three eigenfunctions. The first 
eigenfunctions are written as 

f*(* 1 >^> t l) =X2 e**-»#Cn{t)( 1 
gu{x 1 ,x 2 ,t) J \l 

£[::;::;;D^^ H ^ (i) (''- (2 - i8) 

The corresponding mass eigenvalues are obtained as 

m 2 n = 2{3q 2 -q 1 )~-l- 1 {36 2 - 6 1 ) , 



m 



i x = 2(3<?i - q 2 ) ~ ^(3^1 - 0i) ■ (2.19) 



The mass eigenvalues obtained here are found in the string mass spectrum in fl2J 
The second eigenfunctions are written as 

fi 2 (x 1: x 2 ,t)\ = x ^_ qixl _ q2xl (\ 
gn{xi,x 2 ,t) J \l 

2::::::")^^^ (i »(:0- (2 - 20) 

where the corresponding mass eigenvalues are common in both eigenfunctions, that 
is, Ci 2 (t) = C 22 {t). The mass eigenvalue is written as 

ml = 2( gi + q 2 ) ~ J-;^ + e 2 ) , (2.21) 



Stability of branes at angles is studied by considering the potential between two branes in |23| 
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which is found in ( [2.1|) . 

The third eigenfunctions written by the product of exponential function and 
linear function of Xi are written as 

fa^'f) = qi x ie -^-^C 13 (t)(] 
gi 3 {x 1 ,x 2 ,t) J \1 

fjfi'^y) = q2 x 2 e-^-^C 23 (t) (]) , (2.22) 
g 23 {x 1 ,x 2 ,t) J \1J 

where the squared of the mass eigenvalue is obtained as 

mj = . (2.23) 

There is no massless mode in the string mass spectrum between intersecting branes 
at two different angles, except for some fixed angles. This mode is considered as 
Nambu-Goldstone mode of broken U(2) symmetry **. To see this explicitly, let us 
consider a gauge transformation for the intersecting brane solution written as 

Y 9 = q lXl a\ Y 8 = q 2 x 2 a\ A l = A 2 = . (2.24) 

When we consider the gauge transformation which is written as 

Y 8 - Y 8 = UY 8 U- 1 , Y 9 - Y 9 = UY 9 U- 1 , 

A 1 ->A 1 = UA X XJ- X + i{d x U)U- 1 , A 2 -> A 2 = UA 2 U^ + i^U)^ 1 , (2.25) 



where 



U{x u x 2 ) = e iA{xi ' X2) , 

A(x 1 ,x 2 ) = -^e~^-^a 2 , (2.26) 



we obtain the configuration as follows: 



Y 9 = q lX i(a 3 + C 3 e- q ^- q2X *a 1 ) + 0(C 2 3 ) , 
Y 8 = q 2 x 2 (a 3 + Cse-^-^ai) + 0(C 3 2 ) , 
M = -q x x x C 3 e-^-^a 2 + 0{C\) , 

A 2 = -q 2 x 2 C 3 e- q ^- q '^a 2 + 0(C 2 3 ) . (2.27) 

We find that the off-diagonal part in ( |2.27| ) is equivalent with ( |2.22| ) . An off-diagonal 
massless mode which is not a Nambu-Goldstone mode is considered in the next 
section. 

Thus, we obtain the correct string mass of the lowest and first excited part of the 
spectrum in the approximation of small angles O{0i). We generalize these analyses 
to D3-branes intersecting at three angles, which are written in appendix A. 

**For branes at one angle, it is discussed in PjJ. 
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2.2 Tachyon condensation and recombination 



We focus on the tachyon mode ( 2.15|) here. By the condensation of the tachyon 



mode, we obtain the configuration written as 

Y 9 = q 1 x 1 a 3 + fioat, Y 8 = q 2 x 2 a 3 , 

A x = -g 10 a 2 , A 2 = . (2.28) 

We can not simultaneously diagonalize Y 8 and Y 9 by any gauge transformation, but 
we can diagonalize Y 8 and Y 9 in some region simultaneously. Let us look for the 
region where we can diagonalize Y 8 and Y 9 simultaneously. In the region, 

N» — , (2.29) 
0i 

we can diagonalize Y 8 and Y 9 as 

Y 9 ~ q lXl a 3 , Y 8 ~ g 2 a; 2 a3 . (2.30) 

Far away from the intersection point along x\ direction, the brane configuration re- 
mains unchanged, because the tachyon mode, which is due to the brane deformation, 
is localized near the intersection point. Thus, this result is easily explained. In the 
region x 2 ~ 0, we can also diagonalize Y 8 and Y 9 simultaneously as 



Y 9 ~ ^ faxtf + , F 8 ~0. (2.31) 

We find that the intersection point is resolved, and 'recombination' occurs on the 
X\-Y 9 plane near the intersection point. The other region can not be diagonalized 
and the D2-branes diffuse in the X\X 2 Y 8 Y 9 region near the intersection point. We 
will see the distribution of the D2-brane charge in the next subsection. Finally, let 
us remark a comment. If q\ ^> q 2 , there are many tachyonic modes with masses 
2(2nq 2 + q 2 — qi) (n = 0, 1,2, • • •). In the limit q 2 — *> 0, these infinite number of 
modes will be summed up by the form written as / ~ Ce~ qiXl a 3 , which is equivalent 
to the fluctuation mode found for branes at one angle in [||]. 

2.3 D2-brane charge 

D2-brane charge density in terms of the D2-brane worldvolume effective action is 
obtained by p5j p6| as 

Jm = ip H F«[n Y'] - D,Y%Y> + D,Y' D] Y>) , (2.32) 

where i and j are parameterizations of worldvolume directions. D2-brane charge is 
already integrated along the direction Y k and Y l . 
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We consider the configuration written as 

Y 9 = qxXxa?, + / 10 oi , Y 8 = q 2 x 2 a 3 + ] 2 ^\ , 

M = -<7io0"2 , M = -92^2 • (2.33) 

If qi > q 2 , the combination (/io,<7io) corresponds to the tachyon mode and (f 2 o,g 2 o) 
corresponds to the massive mode. We calculate the charge density of this configura- 
tion. By the results, 

-iTiF 12 [Y 8 ,Y 9 ] = 8(C 2 q lXl - C x q 2 x 2 f 'e"^*?-^ , 
-TrD 1 Y 8 D 2 Y 9 = 8{C 2 q lXl - C 1 q 2 x 2 f ' e -^l-*»*l , 
TtD 1 Y 9 D 2 Y s = 2 qi q 2 - A(C 2 2 q x + C 2 q 2 )e- 2qiX *~ 2q2X * , (2.34) 

we obtain the D2-brane charge density as 

Jo89 = \q1q2 + {^{C 2 q lXl - C x q 2 x 2 ) 2 - \c\q x - \c\*\ e~ 2q ^- 2q ^ . (2.35) 

C\(t) is an exponentially growing function of t. We consider the situation where the 
tachyon mode condenses here, therefore, we take C 2 = because C 2 is the coefficient 
of the massive mode. D2-brane charge is rewritten as 

i<&«6 + {^{C iq2 x 2 ) 2 - l -Clq 2 \ e - 2 ^- 2 ^ . (2.36) 

The first term is background D2 charge. The second term is induced by the tachyon 
mode and localized near the intersection point. Total D2-brane charge is obtained 
by the integration of 

J d Xl dx 2 e~ 2 ^- 2 ^ (l{C 2 q lX i - C iq2 x 2 ) 2 - l -C 2 2qi - l -Clq 2 ^ = . (2.37) 

Thus, we confirm that D2-brane charge is still conserved after tachyon mode has 
condensed. 



3. Supersymmetry 



In this section, we consider the case of equal intersection angles q± = q 2 = q here. 



Now the mode ( 2.15 ) becomes massless and the corresponding eigenfunctions are 
written as 



fio{Xi,x 2 , t) 
9w(x 1 ,x 2 ,t) 

f2o(x 1 ,X 2 ,t) 

92o(,x 1 ,x 2 ,t) 



-qr 2 /~i 



10 



-qr f~i 



20 



(3.1) 
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where r 2 = x\ + x\. C\q and C 2 q are some numerical constant. It is known that 
two intersecting D-branes at equal two angles preserve 1/4 of the supersymmetries 
Therefore, let us check the supersymmetry of the configuration written as 

Y 9 = qxXia-i + /io<xi , Y 8 = q 2 x 2 o z + f 20 cr 1 , 

M = g w a 2 , A 2 = g 20 a 2 . (3.2) 

The supersymmetric variation of gaugino is written as 

dif; = F^e . (3.3) 



The configuration fl3.2|) satisfies the following BPS conditions up to the quadratic 
order in the fluctuations as 

F 12 + i[Y 8 ,Y 9 } = , 
D1Y 8 + D 2 Y 9 = a s O(C 2 ) , 

D t Y 9 - D 2 Y 8 = a s O{C 2 ) , (3.4) 



and therefore, we obtain 



5?P = 0{C 2 )t . (3.5) 



Thus, this configuration is supersymmetric up to the quadratic order in the fluctua- 
tions. The configuration with the supersymmetry up to quadratic order and where 
all supersymmetries are broken beyond this order is studied in ^ffl . 

We can diagonalize Y 8 and Y 9 simultaneously in the region x% ~ x 2 ~ as 

Y 9 ~f 10 a 3 , Y 8 ~f 20 a 3 . (3.6) 

Thus, the intersection point is resolved, which was also seen in the previous section. 
Note that in the previous section, only one mode, which is tachyonic, condenses. On 
the other hand, we consider the deformation by two massless modes here. Finally, 
we calculate the distribution of the D2-brane charge. D2-brane charge is written in 
flT35D as 

Jos9 = \q 2 + (l&xi - C lX2 fq 2 - \c\q - \c\q^ . (3.7) 

Total charge is obtained as 

dx x dx 2 Qg 2 + (^(C 2Xl - C lX2 fq 2 - X -C\q - l -C\q^ 
q 2 

= — • (area of x±-x 2 plane) . (3.1 
6 

Thus, total D2-brane charge is again conserved. 
ttBlack hole entropy in this system is studied in |27[. 
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4. Higher order corrections of F 



We consider the effect of the higher order corrections of F. The F A terms are the first 
nontrivial contribution to the fluctuation analysis, therefore, we consider the mass 
spectra and eigenf unctions including F A terms. The symmetrized traced Lagrangian 
is written as 



in 



L = Stay- detfa^ + 2na'F^) , (4.1) 
and F A terms are obtained by the expansion of this action as 



L = Str(2W) 2 \^-F^F uX F Xa F^ - ^F^F u ^F Xa F aX j . (4.2) 

By taking the T-duality along 8, 9 directions and considering the classical solutions 
Q2.4|) and fluctuations Q2.5Q , we obtain quadratic parts in the fluctuations as 

L = -Qi ((<9oA) 2 + (<W) - Q 2 {(d f 2 ) 2 + (d g 2 ) 2 ) 

+ Q 3 {{difi + 2g 1 q 1 x l ) 2 - AqJm) + Q 4 ((d 2 f 2 + 2g 2 q 2 x 2 ) 2 - Aq 2 f 2 g 2 ) 

+ Qs ({dif 2 + 2 gi q 2 x 2 ) 2 + {d 2 h + 2g 2 q l x l ) 2 + 4(g 1 x 1 / 2 - q 2 x 2 hf + (d l92 - d 29l ) 2 ) 

~ , 1 o? 1 q 2 . _ . 1 o? 1 ql 



6(27ra') 2 6 (27rct') 2 6 (27ra') 2 6(2vra') 2 ' 



2(27ra') 2 6 (27ra') 2 6 (27ra') 2 2 (2tt< 



2- 



^ = (1 " ^T^y (1 " 77^7^) • (4-3) 

By solving the equations of motions for the fluctuations, we obtain the eigenfunctions 
of the lowest mode as 

v xq = [ ~ ( .x J = ™ioe 1 2 C 10 {t) 

\gio{x ll x 2 ,t) J \1 

^-te^y-^^Hi)- <4 - 4) 

The squared of the mass eigenvalue is obtained as 

We obtain the correct mass eigenvalue of tachyon mode at order 8 3 . The eigenfunc- 
tion of tachyon mode is the product of Gaussian functions of X\ and x 2 . In the 
analysis [|16[], the eigenfunctions of tachyon mode remain Gaussian function at or- 
der F 6 , therefore we expect that the eigenfunctions remain the product of Gaussian 
functions of x\ and x 2 even in two angle's case in the action including the F 6 terms, 
and further, more higher order F terms. 
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5. Conclusion and discussion 



We have considered the recombinations of D-branes intersecting at more than one 
angle using SU(2) super Yang-Mills theory. There are tachyon modes in the off- 
diagonal fluctuations and the condensation of this mode triggers the recombinations. 
On the other hand, in supersymmetric intersecting brane systems, there are two kinds 
of nontrivial massless deformations, the deformations into calibration geometry and 
the recombinations by the condensation of the off-diagonal fluctuation modes. The 
former is obtained by solving a minimal surface problem of membranes and described 
by U(l) DBI actions. On the other hand, to describe the latter phenomenon, we need 
to know the full knowledge of the non-abelian Born-Infeld action. In particular con- 
figurations, we can analyze this phenomenon even in Yang-Mills theory. We have 
studied the condensation of the tachyon mode and we have found that there are 
D2-branes distributed in the bulk near the intersection point after tachyon mode 
had condensed. Tachyon condensation diffuses D2-brane charge at the intersection 
point at first stage, and after that, the localization might be relaxed and recombined 
D2-branes, which preserve 1/4 of the supersymmetries, would emerge as a final state. 
In the case that two intersection angles are equal, the lowest off-diagonal fluctuation 
mode is massless. The configuration deformed by this mode is supersymmetric up to 
the quadratic fluctuations, and the intersection point is resolved. This is an interest- 
ing example of non-abelian embeddings. In this case, abelian mode which governs the 
calibration geometry and non-abelian mode which governs the non-abelian embed- 
dings. The region that Yang-Mills analysis is appropriate is also up to the quadratic 
order in the fluctuations. In string theory, or NBI action, this supersymmetric non- 
abelian embedding might be valid beyond the quadratic order in the fluctuations. To 
discuss this point more deeply, it might be interesting to consider the higher order 
fluctuations. F 4 corrections are also studied and the higher order corrections of 9 are 
obtained. It is straightforward to discuss the recombination of Dp-branes intersect- 
ing at more angles. The extension to three intersection angles is studied in appendix 
A. In future direction, it might be interesting to study the Higgs mechanism of the 
Standard model from this direction. 
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Figure 2: Intersecting D3-branes 
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A. Recombination of D3-branes intersecting at three angles 

D3-branes effective action is written as 



S = —T Tr / d 2 xdt 



(D a Y i ) 2 + -F*-\Y i ,Yi] 2 



(A.1) 



where the indices a, 6 = 0, 1, 2, 3 and i, j = 4, • • • ,9. Two D3-branes are embedded 
in 6 dimensions and do not extend in other dimensions. The embedded directions are 
chosen as 1,2, 3, 7, 8 and 9 and others as 4, 5 and 6. A classical solution we consider 
here is written as 



Y 9 = q lXl a 3 , Y 8 = q 2 x 2 a 3 , Y 7 = q 3 x 3 a 3 , A a = , 



(A.2) 



which describes the two intersecting D3-branes. 
Let us turn on the off-diagonal fluctuations as 

Y 9 = girricr 3 + f^x^a 1 - fi(x a )a 2 , Y 8 = q 2 x 2 a 3 + f 2 {x a )cr 1 - f 2 (x a )a 2 , 

M = gi(x a )a l - <?i(x a )(7 2 , A 2 = g 2 (x a )a l - g 2 (x a )a 2 . (A.3) 

The Lagrangian quadratic in the fluctuations is calculated as 
L = E ( - W') 2 - ^fiSi + Wj + 2g i q j x j f - (dog,) 2 + (d^ - dfgtf 



ij=l,2,3 



+ Afexifj - qjXjfi) 2 + (f a -> f,g a -> gfj ■ 



(A.4) 



The combinations (f a ,g a ) and (f a ,g a ) are decoupled each other in the quadratic 
fluctuations, therefore we neglect (f a ,g a )- From now on, we denote g as g. 

By solving the equations of motion for the fluctuations, we obtain the eigenfunc- 
tion of the lowest mode of the fluctuations as 

fio( x i,x 2 , t) 



g w {x 1 ,x 2 ,t) 

ho(xi,x 2 ,t) 
g 20 (x 1 ,x 2 ,t) 

f30{Xl,X 2 , t) 

ho(xi,x 2 ,t) 



= J2 n ^ 




i=l,2,3 




= n2e ~ 


- q ^c 20 (t) 


i=l,2,3 








i=l,2,3 





(A.5) 
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The lowest mode remains the product of Gaussian functions of Xi. The squared of 
the mass eigenvalue is obtained as** 

m 2 w = ±2{-q x + q 2 + q 3 ) ~ ^7 ("ft + #2 + , 

m 2 20 = ±2( gi -q 2 + q 3 ) ~ t— :(0i - 9 2 + 3 ) , 

"so = ±2(9i + Q2 - g 3 ) ~ 2^7(01 + d 2 - 9 3 ) . (A.6) 

This result is consistent with the worldsheet analysis in [119] . The parameter region of 
the intersection angles which corresponds to the tachyonic configuration is considered 
in m. 
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